The silica-based Fe(III)-protoporphyrin and Zn-tetraphenylporphyrin stationary phases were examined for the HPLC separation of anions. The retention of nine common inorganic anions as well as benzoate anion (BA) and its hydroxy analogues (HBA) was examined using tartrate, acetate, and succinate eluents. The retention factors of inorganic anions on the FeProP stationary phase were in the order Cl -< NO3 -< ClO4 -< I -< SCN -and for organic anions benzoate < phydroxybenzoate < m-hydoxybenzoate < o-hydroxybenzoate. The retention factors of organic anions examined for a ZnTPP column were in the order p-HBA < m-HBA < BA < o-HBA.
Introduction
The separation of anions is usually carried out in highperformance ion-chromatography using stationary phases with strong basic quaternary ammonium groups. The elution sequence of common inorganic anions F -< Cl -< NO2 -< Br -< NO3 -< HPO4 2-< SO4 2-< I -< SCN -< ClO4 -was observed according to the increase in the free energy of hydration of these anions. 1, 2 This order is the same as the classical selectivity series observed for a potentiometric response of a liquid anionexchange membrane electrode. Certain anion separation, however, can also be obtained by using the stationary phases modified by macrocyclic compounds such as porphyrins, 3 phthalocyanines, 4 sapphyrins 5, 6 and crown ethers. 7 Because the most macrocycles are uncharged, anion chromatographic columns can be produced using complexes of these ligands with transition-metal ions.
The interactions between these complexes and anions can be based either on the ion-exchange or the ligand-exchange mechanism. The latter is based on a temporary association of sample anions with the inner coordination sphere of the bound metal. The π-π mechanism interaction between π electrons of macrocycles and π electrons of an analyte could cause an additional secondary effect.
In recent years, Meyerhoff et al. 3, [8] [9] [10] [11] [12] have pioneered new HPLC stationary phases based on porphyrins-tetraphenylporphyrin (TPP) and protoporphyrin IX (ProP)-immobilized onto aminopropyl silica gel through a peptide bond. These phases were then modified with different metal ions, such as, Ni 2+ . Metalloporphyrin stationary phases have been applied to the separation of aromatic carboxylates and sulfonates as well as polycyclic aromatic hydrocarbons 3, 8 and fullerens. 10 The role of a metallic center was especially evident in the separation of some amino acids. [12] [13] [14] Me-ProP, yielding a less hydrophobic phase in comparison with metallated TPP-silicas, showed a cumulative binding affinity for small peptides containing amino acids that individually exhibit strong interactions with a given stationary phase. 12 The separation of selected dipeptides and tripeptides containing tyrosine was investigated with unmetallated and metallated with Zn 2+ or Cu 2+ -tetraphenylporphyrins bonded to the silica gel. 15 Larger retention factors obtained for a metallated column confirm the coordinating interaction between the metallic center of porphyrin and peptide.
In the present study, the retention of some anions on metallated Fe 3+ protoporphyrin-silica and tetraphenylporphyrinsilica modified with Zn 2+ stationary phases was examined. Such a retention can be expected based on widely documented axial coordination (perpendicular to the plane structure of the porphyrin nucleus) of various anions by metalloporphyrins, employed in designing numerous anion-selective membrane electrodes, [16] [17] [18] as well as in fundamental studies on metalloporphyrins. 19 It was shown that either kind of cation used in the metallic center and its oxidation state and substituents of the porphyrin macrocycle affect the strength of the axial coordination.
Experimental
The separations were carried out with an HPLC system from Merck (Darmstadt, Germany), which consisted of an isocratic pump (type L-7100), an injection valve with a loop 20 µl, column oven (L-7350), a conductometric detector (L-7470), a UV detector (L-7400), and a system controller (D-7000). The data were collected and evaluated by the Merck chromatographic software D-7000.
An FeProP column (0.46 × 10 cm) containing a protoporphyrin IX complex with Fe 3+ and a ZnTPP column (0.46 × 5 cm) were kindly provided by Selective Technologies Inc. (Ann Arbor, USA). The structures of these stationary phases are shown schematically in Fig. 1 .
Stock solutions of 1000 mg l -1 of analytes were prepared once a week, and stored in a refrigerator. Standard solutions were prepared daily by dilution before injection to the chromatographic system. Eluents were freshly prepared prior to measurements.
Results and Discussion
As was reported earlier, 12 the MeProP stationary phases exhibit high affinity toward amino acids primarily via a metal-nitrogen axial ligation interaction. The strength of retention essentially depends on the metal ion at the center of the protoporphyrin in the following order: Fe 3+ > Ni 2+ > Cu 2+ > Zn 2+ ≈ Cd 2+ . Aromatic amino acids, e.g. tryptophan and phenylalanine, were also retained through π-π interactions with the immobilized porphyrin. In the case of iron-protoporphyrin, Fe 3+ has one residual positive charge, and must be associated with a counter anion which coordinates directly to iron. Such species with a water molecule as the sixth ligand form a square-pyramidal complexes. 20 Because of the positive charge on Fe 3+ , the periphery of the porphyrin is more π-electron rich to yield stronger face-to-face π-π interactions with aromatic molecules.
In this study, the protoporphyrin-silica stationary phase modified with Fe(III) was examined for the chromatographic separation of several anions. The retention factors for several common inorganic anions as well as for benzoate anion (BA) and its hydroxy analogues (HBA) observed on the FeProP silica phase are shown in Fig. 2 . The retention factor (k) was calculated as k = (tr -to)/to, where tr is the retention time for the examined anion and to is the time for the void volume of the chromatographic system; water was used as a to marker. Acetate, tartrate and succinate buffers were applied for this study as mobile phases at a concentration level of 10 mM and pH 3.1. Tartrate anions form the strongest competitive complexes with Fe(III); for this buffer the lowest values of the retention factors were obtained. The elution power of the buffers used corresponds to their acid-dissociation constants. It was reported that the elution sequence of anions on the column with stationary phases prepared by modifying octadecylsilica gel with phthalocyanine cobalt(III) [TBPcCo(III)-ODS] 4 increased in the order Cl -< NO3 -< ClO4 -< I -< SCN -. Nitrite anion, due to strong adsorption, was not eluted by acetate buffer at pH 3.5. In this study it was observed that FeProP-silica exhibited a greater retention of NO3 -(retention factor k = 3.98) in comparison with NO2 -(k = 2.5) when acetate buffer was used as the mobile phase. It should also be noted that the retention of SCN -was much higher than for ClO4 -which is different from their behavior observed for a conventional ion chromatography where the perchlorate anion exhibits strong affinity toward an anion-exchange resin.
Because FeProP-silica phase shows much stronger retention for aromatic anions than for inorganic anions (Fig. 2B) , it is assumed that these species may interact differently with the immobilized metalloprotoporphyrin. Presumably this strong interaction also involves a π-π overlap between the solute anion's phenyl ring and the aromatic protoporhyrin macrocycle. Such interactions have already provided a basis for shapeselective separations of PAHs and fullerenes using TPP and ProP-silica phases. 10, 21 The retention order for the examined aromatic anions o-HBA > m-HBA > p-HBA suggests that the strength of the interaction of these species with the metal center of FeProP also depends on the position of the -OH group in the analyte molecule. This may be interpreted by different steric attachments of the isomers of hydroxybenzoate to the metalloporphyrin molecule.
The effect of the concentration of the mobile phase and its pH was investigated for the succinate eluent. For all of the examined anions, an increase in the retention times was observed when the concentration of the eluent was decreasing. The pH value of the mobile phase, however, has a more pronounced effect. An increase in the pH of the eluent dramatically reduces the retention of anions on the iron(III)-protoporphyrin stationary phase, but without changes in their selectivity sequence. Most of the inorganic anions were not retained on the column at pH ≥4. A similar strong influence of the eluent pH was observed for the phthalocyanine cobalt(III)-based silica phase. 4 These results demonstrate that the separation mechanism of anions is mostly based on a ligandexchange.
An example chromatogram recorded for the separation of some inorganic anionic species on the FeProP stationary phase is shown in Fig. 3 .
The effect of an organic modifier (acetonitrile) added to the mobile phase (acetic buffer, pH 3.3) on the retention of aromatic anions on the FeProP-silica stationary phase is shown in Fig. 4 . Increasing the acetonitrile content reduces the retention factors of these species. There were, however, no considerable changes in the retention of inorganic anions with the addition of acetonitrile to the eluent. These results confirm the existence of the π-π interaction in the retention of benzoates. 12 For a comparison, the retention behavior of the same anions was also examined using the tetraphenylporphyrin-silica stationary phase metalled with Zn(II).
ZnTPP is more hydrophobic (compared to the immobilized ProP) due to the presence of four phenyl rings. The d 10 Zn(II) ion well fits the porphyrin core and forms with TPP a square-planar neutral complex. The selectivity of this chromatographic support towards anions is mostly based on coordinating interactions with the axial ligand via the metallic center of porphyrin, forming square-pyramidal structures. A similar separation mechanism of anions was postulated by Kocsis et al. 4 for TBPcCo(III)-ODS column.
In comparison with the protoporphyrin-silica phase, due to a stronger steric hindrance for the anticipated metal-anion ligation interactions, a lower retention of the analytes was expected. In this case, the acetate buffer solution (10 mM) was used as the mobile phase. All of the examined anions were retained on the ZnTPP-silica column when the pH of the eluent was equal to 3.3. Increasing the pH value remarkably reduced the retention time of the anions. A significant influence of the buffer concentration was observed only for I -, SCN -, ClO4 -and o-HBA. The elution sequence of anions on the ZnTPPP support was similar to that for the FeProP column, though, benzoate exhibited a higher affinity for this support; also the retention factors for the organic anions examined increased in the order p-hydroxybenzoate < mhydroxybenzoate < benzoate < o-hydroxybenzoate. An example chromatogram of benzoate and hydroxybenzoates on ZnTPP is presented in Fig. 5 . The ZnTPP-silica phase has also shown in comparison to inorganic species a stronger retention of aromatic anions due to π-π interactions between the aromatic structures of analytes and the porphyrin macrocycle.
The ionic interactions could be suppressed by the addition of a high concentration of salts (e.g. NaCl or Na2SO4) to the mobile phase, which is often applied in immobilized metal affinity chromatography. 22 The retention factors for a group of eight test anions on the ZnTPP-silica column in the presence of different concentrations of sodium chloride added to the mobile phase (1 mM acetate buffer, pH 3.3) are shown in Fig. 6 . A drastic decrease (about 50%) in the retention of inorganic anions as well as o-HBA was observed. These results suggest that ionic interactions, compared to other retention mechanisms, were largely minimized and provided only a small contribution to the overall retention behavior of the inorganic anions on the ZnTPP-silica stationary phases. The contribution from the π-π interactions between the porphyrin ring and analytes is mainly responsible for the retention of benzoate anion and its hydroxy derivatives. The addition of NaCl to the eluent significantly reduced the analysis time and allowed the separation of benzoate and p-hydroxybenzoate (Fig. 6 ). These anions coeluted from silica-based InTPP and SnTPP columns. 3 Further optimization of the chromatographic conditions is needed to improve the separation efficiency.
In concluding one can stress based on this initial study that the axial binding of anions by metalloporphyrins widely employed for designing of anionic ion-selective electrode with selectivity modulated by selection of metallic center, can also be used for preparing novel stationary phases for ion-chromatography of anions with selectivity different from regular ion-exchange sequence according to the lipophilicity of anions.
